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pressed or i m p l i e d , of t h e  A d v a n c e d  R e s e a r c h  P r o j e c t  A g e n c y ,

the  A i r  Force T e c h n i c a l  A p p l i c a t i o n s  C e n t e r , or t h e  U.  S.

G o v e r n m e n t .  
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a r r i v i n g  a t an es t im ated dep th.  -~~~

Evalua tion of the techni que was ca r r i ed  ou t us ing  da ta from the
dis crimination experiment data set. To facilitate analysis of
this  da ta , the program was implemented at the Seismic Data Analy-
sis Center (SDAC). The final impiemented ,version contains three
new program features designed to aid the analyst in interpreting
the output.

‘—7 Most events were analyzed using the unclassified discrimination
experim ent data set. This data had very sparse station coverage
for  almos t al l  even ts , and it was concluded that this depth deter-
mina tion procedure is not suitable for such a data set. A total
of 41 even ts were examined , bu t only 18 depth es t ima tes could he
made , and mos t of these were u n r e l i a b l e  due to poor s tat ion cover-
age. Some a n a l y s i s  wa s also  done us ing  the comple te d iscrimina-
tion experiment data set. This has much better coverage and
promises  to produce be tter resul ts .
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1.0 INTRODIJCTION

This report describes program development work done on ENSCO ’ s

t e l e s c i s m i c  sou rce  d e p t h  d e t e r m i n a t i o n  p r o c e d u r e , a l o n g  w i t h
data a n a l y s i s  de s i g n e d  to e v a l u a t e  i t s  u t i l i t y  as a s e i s m i c
d i s c r i m i n a n t .  Source d e p t h  can he used to d i s c r i m i n a t e  be-
tween e a r t h q u a k e s  and e x p l o s i o n s  i f  even t s  can be c l a s s i f i e d
as b e i n g  deeper  or s h a l l  ower t han  some l i m i t i n g  d r i l l i n g
d e p t h .  Then a l l  e v e n t s  deeper  t h a n  t h i s  dep th  mus t  be ea r th -
quakes , and t h e  use of o t h e r  d i s c r i m i n a t i o n  t e c h n i q u e s  may
be c o n f i n e d  to the  s h a l l o w e r  e v e n t s .

ENSC O ’ s dep th  d e t e r m i n a t i o n  p r o c e d u r e , deve loped  d u r i n g  a
ser ies  of A R P A - sp o n s o r e d  p r o i e c t s , a p p l i e s  c en s t r um  a n a l y s i s
t e c h n i ques to  d e p t h  phase  d e t e c t i o n  fo r  a set o~ s t a t i o n s
and p r i m a r y  phase s .  The f i r s t  p r o j e c t  ( V T - 4 7 10 )  showed t h a t
a p p l y i n g  cep s t ru m  t e c h n i q u e s  to t h e  P - w a v e  coda , i n c l u d i n g
p o s s i b l e  PP , PPP , and PcP a r r i v a l s , improves  del ay t i m e  es ti-
mat es for “ l i tt le p ” and “little s” dep th phases. Project

VT-5710 demonstrated the use of travel time information to

cons tructivel y stack ccpstrums from different stations and

p r i m a r y  phases , t h u s  i m p r o v i n g  d e p t h  phase  d et e c t a b i  i i  t v  . In
P r o j e c t  V T - 6 7 1 0 , t h i s  t e c h n i que was  a u t o m a t e d  to y i e l d  “ d e p t h
p l o t ”  di s pl ay s  t h a t  can e a s i ly  be i n t e r p r e t e d  by an a n a l y s t
to get a source d e p t h  e s t i m a t ~’ . F i n a l l y , P r oj e c t  \iT-7 ~~i 0  in-
co rpora t ed  s e v e r a l  i m p r o v e m e n t s , i n c l u d i n g  an a l g o r i t h m  to
d e t e r m i n e  the  s i g n i f i c a n c e  of a d e p t h  e s t i m a t e , and a p p l i e d
the  d e p t h  d e t e r i n i n a  t ion p rocedure  to ap p r o x  i ma te l) ’  10 new
e v e n t s .  At t he  end of  t h i s  p r o j e c t , i t  was c o n c l u d e d  t h a t
t h i s  t e c h n i que was  r e a d y  fo r  l a r g e  s c a l e  t e s t i n g .
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The principal effort in  t h i s  p r o l e c t  has been directed toward

this large scale testin g - the discrimination experiment hcin~
run hr  t h e  V EL A Se i smo log ica  1 C e n t e r  (VSC) . Work was  per  f o rm e d
in two ph a s e s :  i n m i e m e n t a t i o n  of t h e  d e p t h  de te r m i n at ion  p r o -

- cedur e  at t h e  Sei sin i c I) a t a  A n a l  vs i s  C e n t e r  ( SPAC) , a n d a n a lv  -

sis  of e v e n t s  f r o m  t h e  d i s c r i m i n a t i o n  e x p e r i m e n t  d a t a  s e t .

Imp i em e n t a t  ion a t  SI 1AC w a s  s t a r t e d  d u r i n g  P r o j  oct  VT— 7 7 1 0  and
COIlij ) l oted d u r i n g  Project Vi —  8710  , and  was  i n t o n d e d  to fac i i i  —

tate process lug of d i s c r i m i n a t i o n  e x p e r i m e n t  d a t a .  The b a s i c
s t r u c t u r e  of t h i  s prot~ram was d e s c r i b e d  in  the Fina l Report

fo r  V T - 7 7 10 , but the final i m p l e m e n t e d  v e r s i o n  c o n t a i n s  three

new p r o g r a m  lea t i ,  res no t  p rey  i mis i v d e s c r i b e d  : c eps t ruin p h a s e
e d i t  I n~ , an i m p r o v e d  s i  gni ficanct.’ I v el a I ~,or i thm , and compu—

t a t  ion  of a si gn i f i canco t h r e s h o l  ~l due to  data handw I d t h  . P h a s e
e d i t  i ng g i v e s  t h e  analyst the opt ion  of ed i t  i ng ceps t ru m s  p o i n t
b y — p o n t  , based on t h e  p h a s e  of each  cops t rum p o i n t  , be fo re
g e ner at  in g  d e p t h  p l o t s .  The new s i g n i  f i c a n c e  l e v e l  a 1 t ~o r i t h m
i m p r o v e s  the  s t a t  i s t  i c a l  b a s e  of t h e  s i g n i  f i c a n c e  l e v e l  e s t  i -

m a t e s  by m a k i n g  f i v e  r andom d e l a  t i m e  pa s se s  of each  c ep s t r n m
i n s te a d  of j u s t  one .  F i n a l l y  , t h e  b a n d w i d t h  - based  si gn i f i ca n c o
t h r e s h o l d  g ives  the a n a l y s t  a q u a n t  i t a t i v e  e s t i m a t e  of t h e
s h a l l  owes t d e p t h  t h a t  can  he do t e r m  i ned due  t o  t h e  b a n d w i d t h
of t h e  in p u t  so i smog r a m s .

I n  t h e  d a t a  a n a l v s  is p o r t i o n  of  t h e  pro  i e c t  , e v e n t s  f rom t h e
d I çç r i m  i ira t ion  exp e r  i m on t  d a t a  5~~t were  an a  I v zed to  eva 1 ua t c
t h e  Lit ii  it v of h i s  dept  h dot  orm I n a t  i o n  t e chn  i que as a di s —

cr i r n i  n a n t  . A qua I i t a t i ye re i i  ab i l i t  v gr a d e  was  a ss  i gned  to

eu,-) l r e s u l  t I ug d e p t h  e s t i m a t e  . A s s u m i n g  t h a t  e v en t s  deenc  r
t h a n  80 km c a n  eas ii v be screened out  us i ng a n o t h e r  t e c h u  I quo

i

~~~~~- _ _ _
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(such as P arrival times), the estimated depth can be used to

classif y an event as a possible explosion. Most events have

been an a i y :e d  u s i n g  o n l y  an u n c l a s s i f i e d  d a t a  s e t .  The com-
p l e t e  d a t a  set became a v a i l a b l e  near the end of the p r oj e c t ,
bu t , s ince s u b s t a n t i a l  pro ~am c h a n g e s  were  n e c e s s a r y  to h a n d l e
t h i s  d a t a , o n l y  t h r e e  e v e n t s  were  p r oces sed  u s i n g  t h i s  d a t a
set . S i n c e  the  c o m p l e t e  d a t a  set is  much more s u i t a b l e  fo r
t h i s  d e p t h  d e t e rm i n a t  ion t e c h n i q u e , f u r t h e r  a n a l  vs is of t h i s
d a t a  is rea l  lv  n e c e s s a ry  for  a f i n a l  e v a l u a t i o n .

3

- 
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VV ~ ~~~~~~ V V~~~~~~~~~~~~ 
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2 . 0 PROGRAM D E V E LOPMENT

To f a c i l i ta t e pr oces s in g o f d i s c r i m in at ion ex pe r im en t d at a ,

the d e p t h  d e t e r m i n a t i o n  p rocedu re  has  been i m p l em e n t e d  at
SDAC . T h i s  v e r s i o n  of the  p r o g r a m  c o n t a i n s  t h r e e  new f e a t u r e s
not described in the Final Report for Project VT-77l0: phase

editing, an improved s i gn i f i c a n ce l eve l  al gori thm , and c a l c u -
la tion of a narrow band threshold . Af te r a b r i ef gener a l de s-

cri ption of the operation of the SI)AC program , the concepts

behind each of these new features will be discussed. A detailed

descr i ption of the actual algorithms is given in the comouter

documen ta t ion .

2. 1 IMPLEMENTATION OF BASIC SYSTEM

Implem entation of the basic seismic source depth determ ina—

tion system , inc lud ing  a l l  Calc omp p lo t op tions , con trol
parame ter over r ide  capabi l it ies , and RUN f i l e s  for  job sum -
miss i on , has been completed. Two RUN files have been set

up: one for executing the entire depth determination pro-

cedure s t a r t i n g  f rom the s e i s m o g r a m s , and ano the r  for  e x e c u t-
ing o n ly  the second p a r t  of t i re  procedure  w i t h  a new set of

V 
a n a l y s i s  pa rame te r s , s t a r t i n g  f rom a set of p r e v i o u s l y  coni-
puted c c p s t r u m s .  In a “second pass ” run , any con t ro l  para-
me te r  m ay be changed , and d i f f e r en t combina ti ons o s ta t ions
and a n a l y s i s  s t a r t  and end t imes  may be u s e d .  The ba s i c  out-
pu t of the program is a set of Calcomnn depth plots , shown in

V 

Fi gure 1. Seis mog ram plo ts (Fi gure 2) and plots of individual
cepstrums (Figure 3) may also be obtained , i-f des i red .

4 -
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2.2 Ph ASE_EDI’I’T~ G

The first new a n a l y s i s  f e at u r e  a l l o w s  the a n a l y s t  to e d i t
each cep st  rum , based on p h ase , before  gen era t i n g dep th plo t s
Since  ccps-t rum peaks  r esu I t i n g  f rom d e p t h  p h a S e S  a l e  expec t ed
to c o n s i s t e nt l y  h a v e  pha ses  n ea r  00 or 180° , p hase  e d i t  in g
s h o u l d  ho u s e f u l  i n  c l i  in i n a t  i ng n o n —  depth  —pl um so cops t rum
peaks .  Phase  I i m i  t s  a re  i n p u t  to  t h e  p r o g r a m  as p h a s e  ang le
i n t e r v a l s  abou t  00 and 180° ; a l l  ccpst  ruin P o i n t s  h a v i  mig  a
phase  o u t s i d e  these  l i m it s  are e d it e d out.

I)epth p l o t s  i l l u s t r a t i n g  t i re  ap p l i c a t i o n  0 { p h a s e  e d i t  l ug  to
the  111 in o i s  event .  ( 11/ 9/ 68)  are  shown in Figures 4- 6 . F i g u r e
4 is the  c o m p o s i t e  dep th  p lo t  o b t a i  ned usin g no phase  editing,

F i g u r e  5 used on ly  ce p S t r ur n  p o i n t s  lrav ~ ng ph a se s  be twe en  -25 °
and 25 ° and b ctwecn 1650 and 20 5° , and F i g u r e  6 a c c e p t e d  on l y
phases  be tween  165° and 2 0 50 . Tire best  r e s u l t s  are ob tained
us ing  o n l y  those p O i n t S  w i t h  phases  w i t h i n  2 5 ° of 180° ; when
ceps t rum p o i n t s  w i th pha ses wi th in  25° of 0° a re  a l s o  used ,
the dep th  p lo t  d e t e r i o r a t e s .  Phase  e d i t i n g  p r o m i s e s  to be a
u s e f u l  addi  t ion to t h e  depth  d e t c r mn i n a t i o n  p rocedure , b u t
as t h i s  e x a m p l e  i i  lu s t r a te s , i t s  b e h a v i o r  needs to be s t u d i e d
us ing  a l a rge r  da ta  b a s e .

2 . 3  IMPROVED S I G N I  FT CANC Ii L E VEl .  ALGORiT h M

The second new a n a l y s i s  f e a t u r e  i s  an i m p r o v e d  v e r s i on  of  t i re
s i g n i f i c a n c e  leve l  a i gor i  t hin . B r i e f l y ,  t he  0 1(1 51 gir l f i  cance
level  a lg o r i  thin i nvolves comput i irg the  ( l i s t r i b u t  ions  of d e p t h
p lo t  amp l it u d e s  t h a t  r e s u l t  from p i c k i n g  c cp s l r u m  P o i n t s  a t
random t i mes instead of the  c o r r e c t  depth phase delay tim e .

This  d i s t r i b u ti o n  i s  used to deternr inc the r andom d e p t h  p lo t

ampi i tudc that 1 s g r e a t e r  t h a n  a spec if I ed pe ru e  at a g e  of  t he
random d e p t h  p lo t  p o i n t s .  F i  n a i l > ’ , ti n s amp i i t  5Jc i s  m ar k e d
on tire f i n a l  dep th  p lo t , to he used as an i n d i c a t i o n  of  t h e
s i g n i f i c a n c e  of  d e p t h  p l o t  p e ak s .
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The new significance level al gori thm differs from the old one

in that , in st ead of c o m p u t i n g  j u s t  one random dep th  p lo t  ampi  i -

tu de  distribut iOn , f i v e  sepas-at e  d i s t r i b u t i o n s  arc computed .
These f i v e  d i s t r i b u t i o n s  a r e  computed  f rom the same cepst .rum s
hu t  w i t h  f i v e  d i f f e r e n t  s e t s  of u n i f o r m l y  d i s t r i b u t e d  random
de lay  t i m e s .  F ive  s e t s  of si gn i  f i c a n c e  l e v e l s  are their deter-
min ed , and an average and standard dcv ia  t ion is comput  ccl f r o m
these f i v e  numbers  and w r i t t e n  on tine f i n a l  dep th  p l o t .

Th i s  t e c h n i q u e  r e s u l t s  in two i m p r o v e m e n t s  over tire p r e v i o u s

m e t h o d .  F i r s t , tine a v e r a g e  s i g n i f i c a n c e  level  d i s p l a y e d  on

the f i n a l  dep th  P lo t  j S  a be t t e r  e s t i m a t e  of tir e t rue  si gni-
f i c a n c e  l e v el  because i t  is computed f rom f ive  e s t i m a t e s  of
the random ansi) 1 i t u de  d i s t r i b u t i o n  i n s t ead  of ju st .  one .  Second ,
s ince  the  c e n t r a l  l i m i t  theorem iinpi . i Cs tha t  the f i v e  s i g n  I -

f i cance  l eve l s  a re  n o r m a l l y  d i s t r i b u t e d , t ine  s t an da rd  devia-
tion provides a quantitative estimate of the r e l i a b i l i t y  of
the average signilicance level. Using this new al g o r i t h m ,
deptin p l o t s  can be i n t e r p r e t e d  w i t h  g r e a t e r  c o nf i de n c e  tha in
p r e v i o u s l y  p o s s i b l e .

2 . 4  BAND W I I) Th i - BASED S I G N I F I C A N C E  TIIRE Sh 1~’iLi)

The l a s t  of the new analysi.s features provides a q u a n t i t a t i ve

e s t i m a t e  of the  sha i lowe s t dep th t h a t  can 1)0 d e t e r m i n e d  f rom

a g iven set of s e i s m o g r a m s .  T h i s  is n e c e s s a r y  i) ecause  of  t h e

way tine gene ra l  s t r u c t u r e  of t i re  c e p st r um  is a f f e c t ed  by t h e

bandwid th of the ori g i n a l s e i s m o g r a m .

The depth do t e r m i n a t  io in  program computes  a ccp st  rum by taking

the  power s p e c t r u m  of the  o n e- s i d e d  ve rs ion  of  t in e s e i s m o g r a m
power spec trum.  Con sequen ly ,  cacin c cp s t r u m  has low amp i i tu d e s

at  long  ]ags , and , a t  shor t  l a g s , a hi gh a m p l i t u d e  c e n t r a l

peak t i r a t  becomes w i d e r  as the s e i sm o g r a m  power spec t rum he-
comes n a r r ow e r .  IJini ess the much s m a l l  or pe ak  t h u  t corresponds

to t i re  echoed a rr i ya1 f a l  is outs ide tin s c e n t r a l  j e ~ik , i t  w i l l

12
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not  be d e t e c t e d .  Thus , the width of t u e  c e n t r a l  peak deter—

in lin es tire sir;i II owes t dept  Is (shortest del ay) t h a t  can  be d ot  ec -

ted froni t IW or i g iiia 1 S~ I smog r u m .

Tb is e f fe c t  is  i i  l u s t  r a t e d  in  Fi gur e 7 . A w i d e band sei srro —

gram has a power spec t ru in that is s u f f i c i e n t  I) ’ b road  fo r -  the

nsodulat ioir caused by tb.’ d e p t h  pha~;c to  be w e l l  d e f i n e d .  Coin —
sequcir  t ly  , t he  ccps V ~~~ h as  a ira r r ow cent ru] pe:ik and a (i i s  -

t m e t  peak correspond lug to tir e ecisoe (I a r r i v a l  t h a t  d o m i n a t e s

the  f i n a l  d e p t h  p l o t  . In  cont  r u s t  , a m a r r ow b a i rd  sci smnor ~r airr
has a powe r spec t rum t Ira t I S too n a r r o w  f o r  a n y  bu t  v er y  h.i gh
frequency m odu l  at ioirs to he det  o ct ab i  c’ Tire resul t I rig coin —

st rum has a very  b road  cent ra 1 peak th at wool d overwhc’ m i  any

echo peaks  occur  i’ m g  a t  s h o r t  or m o d e r a t e  lags  . liven whem r

tin e dept ii phaSe has a su ffi c i en t l  y l ong  d e l a y  t i m e  , i mn ter}) ro—

t a t  ion of t ir e f i n a l  d ep t h  p l o t  w i l l  s t i l l  be comp i i cat c d  by
the  l a r g e , s h a l l o w  dep t h p eak t h a t  is p roduced by t ire w i d e
cen t r a l  peak  of  t h e  c ep s t r un s . I f  an es t ima te of the c e n t r a l
peak w i d th were  nyu i.l ab le , i t could be used to determi inc t he
s h a l l o w e s t  i n t e r p r e ta b l e  depth.

El gore 8 illust rates the techu I quo dev ’l oiled to estimate t i r e
w i dth r of t h e  cepst  rum cent ra I peak. Since the f i int l d e p t h
p lo t is produced  f rom a l a r ge  numb er of cepst  rums , the first

S top is to cal cul ate an average power s p e c t r u m  from a l l  tlI (’

sei sniograms be I ng a n a ly  ~ed . N e x t  , t iris average power spec —

ti-urn is smoothed to remove any d e p t h  — p )ra Sc ’  — g e n e r a  tc’d iriothi l a —

t i air that h a s n ’t a t  r e a dy  beein e1 im m a  t ed  by t h e  a v e r a g i n g
process  - F i n a l l y ,  an ave rage  cep st  rum i s  comput  ed by t ak I m g
t i re p~ n~er spect  rum of t h e  p o s i t  I Vt ’ f r e q u e n c y  s i de  of t h e
smoothed average power’ sped rum . Tir e t lur e a t  w h i c h  t i n s V

a v e r a g e  cej n s t rum li rs t fa 11 s b e l o w  1 °~ of  i t  s m a x i m u m  vu 1 no
is used as tire estimated s h o r t e s t  detectabl e d e l a y  t i m e .

13



_ _ _  ~~~~~~~~~~~ - -~~
-
~~~ ---~~-.-.:~~~~~~

I-.

Lu

z
Z

0
Lu

‘-I
*0 

.
—V—

J



V V 
~~~~~~~~~~~~ 

_ _ _  _ _ _  V V - ~~~~~~~~~~~~~~

I N D I V I D U A L  POWER SPECTRA

. . .

SMOOTh ED AVERM E POWER SPECTRUM

AVERA G E CII PSTR UM

.01 MAX

Fi gure  8 . Comirpu t at join o C Na r row ila ir ci Tin re sinai ti V

i s

— Vr -~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -~~~



r~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —- - --

~~~~~~~~~~~~~~~~~~~~~~
---

~~~~~~~~~~~~~~~~~~~~~~~~ 
---

~~~~~~~~~~~~

The shor test detectable delay time e sti n rate is converted to

depth  and w r i t t e n  in  the dep th plot label. This warns the

ana lys t t h a t  any dep th plo t peak s h a l l o wer t han th i s  dep t h
is like ly to be :r product of the seismogram snectra and not

a true im rdicator of the source depth.
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3.0 DATA A N A L Y S I S

The m aj o r  p or t  ion  of t h i s  w o r k  was  concerned  w i t h  a n a l y s i s  of
( I i s c r i n n i m r a t i o n  e x p e r i m e s r t d a t a .  R e s u l t s  f rom the u n c l a s s i f ie d
d a t a  set and t ire c o m p l e t e  d a t a  se t w i l l  be d i s c u s s e d  in  t h e
f o l l o w i ir g s e c t i o n s .

3.1 U N C I V A S S I  PIE !) DATA SET RESULTS

Dept ir  cst  i n m a t e s  we re  o b t a i n e d  f o r  IS  e v e n t s  f r o m  t h e  u r n c l a s s i  -
f i e d  d a t a  s e t .  A t o t a l  of 41 e v e n t s  were  e x a m i n e d , hu t  23
were  not pr ocessed  due to  i n a d e q u a t e  d a t a .  An even t  is  con-
shlem’ed to  have  inadequate d a t a  i f  i t  does not  have  a v i s i b l e
P wave a r r i v a l  on a t  lease two stations at telesc’ i smic di s -

tances  . C l o s e -  in  d a t a  i s  not  a c c ep t a i ) l e  b ecause  our dep th
determinat ion techni que is present ly based on t c l e s ei  sm i c
phase s; the use of close— in data may be v a l i d  w i t h  som’l e’ niod i -

fica t ions , but a whole m ew r e s e a r c h  project would he necessar

to de te r m i n e  th  i s . A mu i i i i  mum of  two s t a t i on s i s  r e q u i r e d  be -

cause the technique m oods repeated dept ii p h a s e s  to ¶ ‘et  a wel 1-
defined d e p t h  estimate — — even with two stations a si ni fican t

dep th Plot peak can on 1 y ra rd v be obt a i ned

Results from analysis of tine d i  s c r i m i n a t  j o in  e x p e r i m e n t  d a t a
arc li sted in Table I . Since a depth rair~ e of 10 k”i - SO km n~as
searched , a deptin est i n m a t e  of ‘‘NONE” inr 1n l i c s  t h a t  t he source
d e p t h  is o u t s  i do this r a n g e .  For each event , a let ter grade

has  been a s s i gned fo r  da t a qu a l  i t y  and d e p t h  es t  i n m a t e  r o l  I a  -

bi l ity . The d a t a  q u a l  i ty  g rade  i s  based on s e i s n i o g r a r m  S i g n a l  -

to-noise ratio , the d i s t r i b u t i o n  of  s t a t i o n  d e l t a s , and  t h e
total amount  of t inse ava liab le for anal \V5 j 5 •r i t e m ,  t ine  P arm’ i —

~~ i . F a c t o r s  corns idere d  i i i  a s s  i ~ni nt~ the d e p t h  r e l  jill ) ) l i t  V

!~r ades are : d at  a t lu ;m l i t  V , a p p e a r an c e  of d e p t h  p l o t s  , s i in i —

f i c a n c e  l e v e l  of peaks , and c o n s i s t e n c y  of dep t h p l o t  peaks
amo in g d i fleresi t window lengths , stat i o n  sets , and  p r i m a r y

• ;nlra ses.
17
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Table  1. D i s c r i m i n a t i o n  E x p e r i m e n t  R e s u l t s

nfl Pill
EVENT NO. OF DATA DEPT H ESTIMATE

NO. STAT ! ONS OIJAI.l TY (km)  R E L I M I  L IT Y

1 S F 36 F
1* 8 C NONE P
3 7 P 21 m,rp

7 2 F 32 VP
14 4 P 20 F
16 3 P 31 Q
16* 7 F NONE P

17 2 F 32 F

18 4 F NONE P
19 7 C 34 C

20 6 C NONE F
2l 2 F NONE Q
22 4 VP NONE 0
24 2 VP 19 Q
27 4 F 26 P

41 3 VP NONE 0
41* 5 P 22 F

47 8 P 32 VP
49 6 P 50 F

50 10 F 19 C

59 3 P NON E a

Data  Q u a l i t y  and R e l i ab i l i ty Grade s :
C Good NONE = I)epth O u t s i d e
F Pair 10-SO km S ear c h
P Poor Range

VP : Ques tionable * = Comp lete Pata Set

18 
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I t  mus t  he e m p h a s i z e d  t h a t  t h e s e  grades  a rc  to ta l l y  qu a l i ta-
t iv e . A “good” d e p t h  e s t i m a t e  is probably b e t t e r  t h a n  a “poor ”
one , and a “Q” d e p t h  is proi)ahlv better than a guess , hut an~’ -

t h i n g  like a conip a r i  son b e t w e e n  adjacent gr a d e s  is not ve ry
m e a n i n g f u l  . The o n l y  way to ge t  a good quant i t a t  ive  estimate

of tine rd i ab ilitv of this d e p t h  determination p r o c e d u r e  i s  t o
analyze a large set of events with known depths .

3 . 2  CO M PL E T E DATA SliT__RES U LTS

Near  t h e  end of the  p r oj e c t , d a t a  f r o m  t h e  c o m p l e t e  d i s c r i m i n -
a t  ion  e x p e r i m e n t  d a t a  set became  a v a i l  - i l - i c  f o r  some e v e n t s
S u b s t a n t i a l  p rog ram m o d i f i c a t i o n s  were  n eeded  to  p roce s s  t h i s
d a t a  (see Compu te r  D o c u m e n t a t i o n ) ,  and c o n s e q u e n t l y  o n l y  t h r e e
even t s  c o u l d  be h iro c o s se d .  R e s u l t s  fo r  t h e s e  e v e n t s  ar c  ~ i st ed
in Table 1 w i t h  each e v e n t  listin g including data qu a l  i t y  and
d e p t h  rd jahil i ty grades.

Comparison of t ire complete data set results w ith tire corres-

p o n d i n g  r e s u l t s  f r o m  t h e  u n c l a s s i f i e d  data set  shows  t h a t
d i f f e r e n t  d e p t h  es t  i n m a t e s  h a v e  been obi a i nod for all t h r e e
e v e n t s .  T h i s  i s  no t  too su r p r i  s i n g  f o r  E v e n t s  16 a n ’i 4 1
S i n c e  t h e  d e p t h  est  i mat c s  f o r  t h e s e  e v e n t s  f r o m  t h e  u r i c l a s s  i -

f i e d  d a t a  set m a d  v e r y  low rd i a b i l i t i e s .  The c o m p l e t e  data

set  has  b e t t o r  s t a t i o n  c o v e r a g e  a fld b e t t e r  d a t a  q u a l  i t v  t h a n
t i n e  on g i na !  set , so the  r e s u l t  i ng d e p t h s  ar e  m u c h  more rd i -

a 1)10.

Iho di f l o r e n c e  in  d e p t h  e s t i m a t e s  i s  more  d i s t u r b i n g  lee
E v e n t  I , however - , s i n c e  t h e  o r i g i n a l  d e p t h  had  a r e l a t i v e l y
h i gh rd i a b i  I i t v . As sino wi r  u n  F i g u r e s  9 an d  10 , t he com-
p l e t e  da t  a ~ot  d e i *t  In p l o t s  for’ tin i s  even t  S t i l l  show t i re
36 km peak  seen on t h e  o r i g i n a l  p l o t , bu t  a l a r g e r  pc~ik  is
present at ~-I km , an d no i t im e r p e ak  ca n h e p i c k e d  u s t h e  ca r -
rec t one . !~ i t h ou t  l u r t h e r  ;mna 1 vs is , no exp i a n a t  l o in  can he
g i v e n fo r  t i m  i s  r e su l  t , w h i c h  i l l  u s t  r a t e s  t h e  need fo r  a more
q u ; n t i t i t m ~ e ind h e t t  
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Figure 9. Unclassified Data Set P Wave Depth Plot
for Discrimina tion Experiment Event #1 ,
Window Length 25.6 sec.
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4.0 CONCLUSIONS

The pr  i inc i pa l  co m nc I us ion  that can be d ral%’mr fr-ow t he d at  a
a m r a l y s  is p e r f o r m e d  d u n  m r g t in  i s pI’o i oct i s that th is dept In

d e t e r m i n a t i o n  t e c h n i q u e  i s  not  su i  t a b l e  fo r  a d a t  a set lik e

the ori g i n a l , un classified one. This method keys on t h e
r epet  i t  ion  of dept  ii phase  cepst rum peaks at different do I ay

t imes , hu t  w i  t in  t he  same e q u i v a l e n t  d op t i r  , and ti n i s requ I res
a I a i’ge group o f st  a t  ions  c o ver  i ma ’ a r a n g e  of d e l t a s  . Re -

sul t s f r o m  p rey  ious p r o J  oct s i ir d i c a t  e t h a t  t in  i s t i - chin  i que
works well when a d e q u at e  stat i on cove rage i s a v a  i I ab l e  , bu t
in genera  I , result s o b t a i ne d  us i ing f ewer  t hair  f i v e  stat ions

are umrre liabl e . V e r y  few eve nt s fro !ri t he Or I g I na I dat a set

sat is fv  t i n  is coird i t  join - I in f a c t  , mos t  of t h e m  had  t o o  l o w
s t a t  io ns t o  be p r o c e s s ib l e .

L om ’ t h e  c o m p l e t e  d a t a  so t  , a s u l f i c  I ein t n u m b e i  a t’ stat i oil s

i s a v a i l a b l e  for most e n’~~m n t s :n m nd t i ne  pe r  f o r n n a m n c  o at ’ t h e
d e p t h  d e t e t - m n i t r a t i o n  p r o c e d u r e  w o u l d  be ex p e c t e d  t o  i m p r o v e

with tin is d a t a .  Too few e v e n t s  were  a m a  l v :  od ‘~~
‘ i t  ir t i n e  corn -

p1 e tc  d a t  a s e t  , i r ow ev e r  , to  r e l  iab lv o v a l  n a t o  t h e  t o c h m m  i quo ‘ s
17cr ’ fo r im manc o  . Fui - t h e r  a n a l  vs i s o f  d I s C F  1w i n u t  i Oh e x p e r i m e n t

events us ing t int ’ c o m r m p l o t e  d a t a  se t  i s  inecessarv b e f o re  t h e
tmt i i i t v of this tee bin i qu e as a nu c loam ’ disc r I in i i nam n t ca in  be
( le t e r rmm i rr cd

One proM em am’e a t h a t  h a s  become more  e v i d e n t  i in the cou m ’se
of tin is  ~~1’0i oct is t h e  need fo r  an o b j e c t  i ve  , q u a i n t  i tat lvi ’

tee  bin utue  for  de t em ’ in i in I ri g t h e  re i i  ab i i  I t y  of  a d ep t  in es t I ma to -
This is n~el 1 11 lust rated by di ser im i inn t ion  e x p e r i m e n t  I v o i n t
$ 1 , w h e r e  t h e  d ep t  in es t inmat e oh t a I ineil us i in g t he n in e I ass i l ’i ed

— 
(lilt  a set appea red  to be a fa  I r 1 y rd I a b l e  one , b u t  i t d i s ag  reed
w i t in l a t e r  r esu 1 t s ob t a I ned us ing  t he camp !  e t c  d a t  a se t . The
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significance level algori thm is an attenmpt to provide an ob-

j e c t i v e  way of d e t e r m i n i n g  t ine  r e l i a b i l i t y  of a dep t ir  e s t i -
ma te , but  t h i s  t e c h n i que is not  u s e f u l  for  f ewer  t han  f i v e
s t a t i o n s , or when t i ne re  is l i t t l e  v a r i a t i o n  inn d e l t a .  Even
when i t  is w o r k i n g  we l l , tire s i g n i f i c a n c e  level  does not
a t t a c h  air a c t u a l  n u m e r i c a l  con f idence  leve l  to  a dep th  e s t i -
mate , w h i c h , i d e a l l y ,  is wha t  is des i red . T h i s  k i n d  of re-
l i a b i l i t y  e s t i m a t e  can p r o b a b l y  he o b t ai n e d  o n ly  t h r o ug h a
d e t a i l e d  a n a l y s i s  of r e s ul t s  front  a l a r g e  set o events  w i t i r
known dep ths .
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